[1] We present new experimentally determined trace element partition coefficients for nine garnet/melt and two clinopyroxene/melt pairs at 2.9-3.1 GPa and 1325°-1390°C, applicable to anhydrous partial melting of MORB-like eclogite in the upper mantle. Phase compositions are similar to those documented in partial melting experiments of eclogite at these conditions: garnets with 16-25% grossular component and 0.4-2.0 wt % TiO 2 coexist with siliceous partial melts having 52.4-57.1 wt % SiO 2 and 1.1-6.7 wt % TiO 2 . Observed garnet/melt partitioning depends on TiO 2 concentrations in garnet. Among the high-TiO 2 garnets (1.4-2.0 wt % TiO 2 ), partition coefficients (D gt/melt ) increase with increasing grossular content of garnet (16-24%), but for the low-TiO 2 garnets (0.4-0.6 wt % TiO 2 ) there is no difference in partitioning behavior at 19-24% grossular. In general, partition coefficients for the low-TiO 2 garnets tend to be higher than for the high-TiO 2 garnets. 238 U) excess. D values of highly charged cations (Nb, Ta, Th, U) are lower in high-TiO 2 garnets. This is likely because Ti 4+ occupying the garnet Y site requires charge balance by 2+ cations in Y or 3+ cations in Z, thereby limiting the availability of these charge-balancing substitutions to accommodate other highly charged cations. The overall range of our new garnet/melt partition coefficients, regardless of Ti and grossular content, is similar to literature garnet/melt partitioning data applicable to garnet peridotite melting, and therefore bulk partition coefficients for eclogite and peridotite depend largely on mineral modes and choice of partitioning data for clinopyroxene. Using our new data and previously published data from the literature, we calculate bulk partition coefficients appropriate for two MORB-like eclogites (82% clinopyroxene + 18% garnet and 75% clinopyroxene + 25% garnet) and a garnet peridotite (60% olivine + 17% orthopyroxene + 13% clinopyroxene + 10% garnet). Bulk partition coefficients are generally much higher for MORB-like eclogite when compared to garnet peridotite, with the exception of Th and U. However, the ratios of bulk partition coefficients of eclogite and garnet peridotite are similar for pairs such as D 
Introduction
[2] Garnet may have a significant influence on trace element signatures of mantle-derived magmas, both from garnet-bearing ultramafic and mafic lithologies (peridotite and pyroxenite or MORB-like eclogite, respectively). Garnet preferentially incorporates heavy rare earth elements (HREE) over light rare earth elements (LREE) and fractionates U from Th, so partial melts that have equilibrated with residual garnet exhibit enhanced LREE/HREE ratios and may have significant ( 230 Th)/( 238 U) excesses. However, available experimental data provide highly variable absolute values for garnet/silicate liquid partition coefficients [e.g., Hauri et al., 1994; Johnson, 1998; Salters and Longhi, 1999; van Westrenen et al., 1999; Klemme et al., 2002] , which makes it difficult to determine the relationship between partial melting of garnet-bearing lithologies and the compositions of erupted lavas.
[3] Previous studies have highlighted the key effects of the compositions of garnet [van Westrenen et al., 1999 [van Westrenen et al., , 2000 [van Westrenen et al., , 2001 and melt [Salters et al., 2002] on garnet/liquid partition coefficients.
Pressure and temperature may also be important factors [Salters and Longhi, 1999; Salters et al., 2002] . Garnets and silicate liquids present during partial melting of peridotitic and clinopyroxene-rich pyroxenitic and eclogitic lithologies have distinct compositions (Figure 1 ) that vary as a function of the pressure, temperature, and melt-extraction history. Consequently, effective modeling of partial melt compositions derived from garnet-bearing sources requires documentation of the effect of variable phase composition and experimental conditions on partition coefficients.
[4] In this study we present new experimental determinations of garnet/liquid partition coefficients for compositions and conditions relevant to partial melting of anhydrous MORB-like eclogite in the mantle. This study forms a companion with our earlier phase equilibria studies of partial melting of basaltic eclogite Hirschmann, 2003a, 2003b] and clinopyroxene/melt partitioning [Pertermann and Hirschmann, 2002] . Prior to presentation of our new experimental results, we consider phase compositions and conditions likely to be prevailing in MORB-like eclogitic lithologies in basalt source regions and review knowledge about garnet/liquid partition coefficients for such compo-sitions and conditions. Where appropriate, we emphasize how garnet/melt partitioning in MORB-like eclogites may differ from those applicable to garnet peridotites. Note that these new data may not be applicable to hydrous partial melting of eclogite in subduction zones, where pressures, temperatures, and phase compositions differ significantly from conditions applicable anhydrous eclogite melting [cf. Pertermann and Hirschmann, 2003b] . Other experimental studies of phase relations and trace element partitioning are more suitable for the treatment of hydrous eclogite melting during subduction processes [e.g., Rapp and Watson, 1995; Foley et al., 2000; Barth et al., 2002] .
[5] In an idealized garnet solid solution, X 3 Y 2 Z 3 O 12 , the X site hosts divalent cations (chiefly Fe 2+ , Mg, Ca, and Mn), the Y site is occupied principally by Al 3+ , with minor Fe 3+ and Cr
3+
, and the Z site consists of Si 4+ [Meagher, 1980] . Garnets in natural peridotite generally have 15 mol % grossular (Ca 3 Al 2 Si 3 O 12 ) and Mg#s [molecular Mg/(Mg + Fe 2+ ) * 100] of 80 -90 ( Figure 1a ). Compositions reported in the residua of garnet peridotite partial melting experiments at 3-5 GPa are similar [Herzberg and Zhang, 1996; Robinson and Wood, 1998; Walter, 1998 ]. Garnets in pyroxene-rich mantle lithologies are more calcic, with 10-50 mol % grossular (X Ca = 0.1-0.5), and have lower and those in the residua of melting experiments with pyroxenitic and eclogitic bulk compositions have $17-26% grossular and Mg#s of 45-75 [Johnston, 1986; Yaxley and Green, 1998; Hirschmann et al., 2003; Pertermann and Hirschmann, 2003b] . Within this range, more calcic and less magnesian compositions prevail near the solidus of more fertile compositions, such as eclogite similar in bulk composition to subducted oceanic crust.
[6] A potentially important distinction between peridotitic and eclogitic garnets is that the latter are richer in TiO 2 . Because Ti 4+ substitutes into the Y site normally occupied by trivalent cations Figure 1 . Compositions of garnets from garnet/melt partitioning studies [this study ; Hauri et al., 1994; Johnson, 1998; van Westrenen et al., 1999 van Westrenen et al., , 2000 Klemme et al., 2002] compared to those from partial melting experiments applicable to peridotite [Herzberg and Zhang, 1996; Walter, 1998; Salters and Longhi, 1999; Salters et al., 2002] and eclogite or pyroxenite melting studies [Johnston, 1986; Yaxley and Green, 1998; Hirschmann et al., 2003; Pertermann and Hirschmann, 2003b] . Also shown are compositions of mantle garnets (data compilation from van Westrenen et al. [2001] ). (a) Mg# versus grossular in garnet: note the overall large range of natural eclogite compositions, compared to the narrow range of garnets found in partial melting experiments at upper mantle conditions. Also note the distinctions in Mg# and Ca between peridotitic and eclogitic garnets. (b) TiO 2 versus CaO. Although some natural peridotitic garnets are anomalously TiO 2 -rich, most have less TiO 2 than eclogitic garnets, and garnets from partial melting experiments on eclogite have higher CaO and TiO 2 contents than those applicable to melting of peridotite. [Meagher, 1980] , it may affect charge balance and consequently may influence heterovalent trace element substitutions, but its effect on garnet/melt partition coefficients has not been investigated in detail. Although differences in TiO 2 between peridotitic and eclogitic garnets are not immediately obvious from a comparison of natural compositions (because a small number analyses of peridotitic garnets yield anomalously high concentrations of TiO 2 ), this difference is well-illustrated from comparison of garnets from partial melting experiments ( Figure 1b) . Almost all garnets from partial melting studies of peridotite at 3 -5 GPa have <0.5 wt % TiO 2 , whereas most from partial melting studies of pyroxenite and eclogite have 0.4-1.2 wt % TiO 2 , with the highest values found in eclogitic sources of basaltic composition.
[7] In this paper, we focus on the role of garnet composition in influencing D gt/liq , but melt composition may also have a significant influence. Partial melts of garnet peridotite and some classes of garnet pyroxenite are typically low in SiO 2 (<50 wt %) [e.g., Walter, 1998; Hirschmann et al., 2003 ], but partial melts of basaltic eclogite are more silica-rich. Near 3 GPa, near-solidus partial melts have $57-63 wt % SiO 2 [Yaxley and Green, 1998; Pertermann and Hirschmann, 2003b] . Thus one of the goals of the present study was to produce garnet of appropriate composition coexisting with anhydrous liquids similar to the basaltic andesitic to andesitic liquids characteristic of such eclogite partial melts.
[8] Experimental data for trace element partitioning between garnet and anhydrous silicate liquid include the studies of Hauri et al. [1994] , Johnson [1998] , Salters and Longhi [1999] , van Westrenen et al. [1999 van Westrenen et al. [ , 2000 , Klemme et al. [2002] , and Salters et al. [2002] . Conditions in these experiments range from 2.5-3.4 GPa and 1400-1625°C, well within the melting interval of garnet peridotite and garnet-bearing pyroxenite and eclogite, but hotter than the solidus for more fertile basalt-like eclogite compositions [Yaxley and Green, 1998; Pertermann and Hirschmann, 2003a] . Materials used in these studies include simple-system analogues (i.e., CMAS, FCMAS, etc.) [van Westrenen et al., 1999 [van Westrenen et al., , 2000 Klemme et al., 2002] and natural or near-natural compositions [Hauri et al., 1994; Johnson, 1998; Salters and Longhi, 1999; Salters et al., 2002] . Only the studies of Johnson [1998] and Klemme et al. [2002] present garnet/melt partitioning studies for relatively SiO 2 -rich melts (51.4 and 56.7 wt % SiO 2 , respectively). The salient features of these experimental studies are summarized in Figure 2 (see figure caption for more details). All data show the characteristic strong preference of garnet for HREE relative to LREE, though absolute values of D REE gt/liq vary considerably. Also values of D gt/liq for highly charged cations (Th, U, HFSE) vary by up to two orders of magnitude.
[9] van Westrenen et al. [1999] emphasized the influence of the Ca-content of garnets on D gt/liq , which is well-illustrated by the much larger D gt/liq values found in their study for run 12 (X Ca = 0.35) relative to run 11 (X Ca = 0.16) (Figure 2 ). On the other hand, Mg# appears to have relatively little effect on D gt/liq [van Westrenen et al., 2000] . The influence of X Ca may be particularly important for the relatively grossular-rich garnets found in basalt- Figure 2 . Garnet/melt trace element partitioning from previous experimental studies. Data are taken from the 2.5 GPa run of Hauri et al. [1994] , the garnet-bearing experiment (RH30-1) of Johnson [1998] , experiment BS21 of Klemme et al. [2002] , and runs 11 and 12 of van Westrenen et al. [1999] . The peridotite low and high values are compiled from all garnet-bearing experiments reported by Salters and Longhi [1999] and Salters et al. [2002] [2001] . Thus the role of grossular content on partition coefficients of garnets in basalt-like eclogite is still somewhat unclear. The distinct behavior observed by Klemme et al. [2002] may be owing to the enrichment of TiO 2 (1.4 wt %) in the garnet they studied.
Experimental and Analytical Procedures

Starting Materials
[10] Three of the six starting compositions employed in this study (Table 1) were derived from a base composition used in an earlier investigation of partitioning between vacancy-bearing clinopyroxene (cpx) and anhydrous low-degree melts of MORB-like eclogite [Pertermann and Hirschmann, 2002] . To assure the presence of garnet at high melt fraction, varying amounts of a synthetic pyrope glass, pyrope 50 /grossular 50 glass, and/or Al 2 O 3 were added to this base composition. The garnet composition glasses were synthesized from reagent grade oxides and carbonates that were decarbonated slowly at up to 1000°C and then fused in a Pt-crucible at 1 atm and 1600°C. An intermediate mechanical mixture (pyrope 80 /grossular 20 ) was prepared from these glasses, and 10 wt % of this was added to the starting material of Pertermann and Hirschmann [2002] to form composition A. Composition B was obtained by adding 15 wt % of pyrope 50 /grossular 50 glass to the original material from Pertermann and Hirschmann [2002] . Composition C was obtained by adding a small amount of Al 2 O 3 to composition B. Compositions D, E and F were newly mixed from synthetic oxides, carbonates and natural minerals, adding Fe as a mixture of hematite and metallic Fe after initial decarbonation at 1000°C for 24 hours. After doping with trace elements, starting materials D, E, and F were loaded into large-volume graphite containers with tight-fitting lids and heated to 900°C for 10 minutes, to assure decarbonation and dehydration of the added trace elements. All six starting materials contain !1000 ppm Th and U and $0.5 wt % other trace elements (Li, B, Rb, Sr, Cs, Ba, Sc, V, Cr, Co, Ni, Zn, Y, Zr, Nb, Hf, Ta, La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb, Lu, Re) at concentrations ranging from 60-80 ppm for HFSE and LREE to 150 -250 ppm for HREE. The major element compositions of the starting materials are given in Table 1 . The starting compositions A, B and C were prepared from material that was originally heated to 1000°C in a gas mixing furnace for one hour, which resulted in volatilization of most Pb from the starting material, but had little effect on all other trace elements. Loss of Pb from compositions D, E and F was minimized by the heating procedure with the closed graphite container for a shorter period of time.
High-Pressure Experiments
[11] One piston-cylinder experiment (run A343, Table 2 ) was conducted at the University of Minnesota, using procedures described by Pertermann Hirschmann, 2000] . All experiments were conducted with graphite-lined Pt-capsules to avoid loss of Fe to the noble metal capsule. The use of such capsules also limited the oxygen fugacity of the experimental charges to below the graphite-CO buffer [Taylor and Green, 1989; Ulmer and Luth, 1991] , assuring Fe occurred primarily as Fe 2+ in minerals and silicate melts. After quenching, the exact capsule position in the assembly with respect to hot spot and thermocouple location was determined to assure consistent temperature data. The capsules were mounted in acrylic resin and then ground and polished to expose the center of the charge.
[13] In trace element partitioning experiments, it is generally desirable to obtain a small number of large, homogeneous grains of the mineral of interest, coexisting with large pools of glass. To achieve this, temperature at the beginning of each experiment was raised to 35-100°C above the final desired run temperature (T f , Table 2 ) and held there for 6 minutes, avoiding initial temperatures >1425°C to limit potential loss of Fe. Earlier procedures of heating oxide or glassy starting materials directly to T f yielded grains too small (<10 mm) for laser ablation analysis. Temperatureoverstepping significantly reduces the number of nuclei available for grain growth. After the initial overheating, temperature was lowered at 1°C/min to 15°C below T f , and then immediately raised at 1°C/min to 15°C above T f before descending to the final run temperature. Run durations reported in Table 2 indicate the time at T f . The procedure produced grain sizes of 30-60 mm for the low-Ti experiments (MP220, MP216, MP237, MP254) and run MP169. Runs A343 and MP214 produced 70-100 mm diameter grains, and runs MP240 and MP236 have grains up to 200-300 mm in diameter. Overall, relative uncertainties in mineral compositions are 2-8% for Fe, 1-6% for Mg, and 2-5% for Ca. Ti has values of 18-20% for runs with the largest grain sizes (MP240 and MP236), for all other experiments it is 7-12%. These values compare well with other experimental studies on garnet/ melt partitioning. For example, for the garnetbearing experiment of Johnson [1998] , variations are 2%, 3%, 2% and 16% (relative) for Fe, Mg, Ca and Ti, respectively, and for the experiments of Salters and Longhi [1999] they are 1-6%, 1-2%, 3-13% and 10-38%, respectively. Klemme et al. [2002] has relative variations of 3% for Ca and 14% for Ti, and the CMAS study of van Westrenen et al.
[1999] has 6-15% variation for Ca in the low-Ca experiments reported. We regard the Mg-Fe zoning in our experiments to be of little significance, as van Westrenen et al. [2000] demonstrated that variations in Fe have negligible influence on garnet/melt trace element partitioning.
Attainment of Equilibrium
[14] To verify the approach to equilibrium of the partitioning experiments at feasible laboratory timescales, we conducted three experiments at 3 GPa (MP220, MP216, MP237) at identical conditions, including programmed cooling from 1425°C down to 1350°C (see Table 2 ), but held at 1350°C for durations ranging from 4 to 34 hours. The garnet/melt trace element partition coefficients are plotted in Figure 3 . Surprisingly, the data from the shortest run (MP220) are virtually indistinguishable from the longer duration runs, suggesting that even short run times yield reasonably well-equilibrated garnets in terms of their trace element concentrations. Under these conditions, diffusion distances in garnet for a characteristic element (Sm), estimated from Harrison and Wood [1980] , range from 10-40 mm for the shorter and longer durations. These distances are similar to the garnet grain sizes in most of our experiments, suggesting that equilibrium for trace elements was closely approached, though it cannot be assumed a priori. In the case of the large garnets (MP240 and MP236), reported trace element data are from spots near grain rims, rather than from grain interiors which are less likely to have equilibrated with surrounding melt. However, no significant systematic difference was found between core and rim analyses in terms of trace element concentrations, leading us to believe that even the garnets formed early in the cooling step are close to equilibrium. In part, this is owing to the insensitivity of Ti and Ca in garnet to changing temperature; Fe and Mg are more temperature sensitive. We made similar observations in our eclogite partial melting experiments [Pertermann and Hirschmann, 2003b] , in which garnet changed little in CaO and TiO 2 over a $90°C interval (1310°-1400°C) at melt fractions ranging from 0 to 0.29. Consequently, it seems Figure 3 . Garnet/melt partition coefficients derived from time series experiments lasting 4, 17.5, and 34 hours (MP220, MP216, and MP237, respectively). The partition coefficients are nearly identical within analytical uncertainties for all elements, suggesting that equilibrium for trace elements is approached rather quickly. likely that run durations of 17 -34 hours were sufficient to produce reasonable approaches to equilibrium and that even the results of the very short runs (MP169, MP220) are close enough to equilibrium to be meaningful.
Electron Microprobe Analysis
[15] Experimental charges were analyzed by wavelength dispersive spectrometry with the Camebax SX50 microprobe at ETH. The operating conditions were 15 kV accelerating voltage and beam currents of 20 nA for minerals and 10 nA for glasses. Counting times for all elements were 15 seconds on the peak and 7.5 seconds on each background. Minerals were analyzed with a fully focused beam ($1 mm) and glasses with a beam of 10 mm diameter to avoid loss of alkalis. Standards for mineral and glass analysis were a combination of simple silicate and oxide minerals. At the beginning of each analytical session, a secondary standard (basaltic glass G2 from Pertermann and Hirschmann [2003b] ) was analyzed to assure and verify consistent data quality between different sessions. Determined in 12 sessions over 9 months (n = 165), typical relative uncertainties for major element analyses are as follows (expressed as one s): SiO 2 0.9%, TiO 2 3.4%, Al 2 O 3 1.3%, FeO 2.2%, MgO 2.0%, CaO 1.5% and Na 2 O 3.1%.
Laser Ablation-ICP-MS Analysis
[16] Major, minor and trace elements were measured using an 193 nm ArF excimer laser ablation system (GeoLas, MicroLas, Göttingen, Germany) attached to an ICP-MS (ELAN 6100 DRC+, Perkin Elmer, Norwalk, USA). A detailed description of the system and operation conditions is given by Günther and Heinrich [1999] . The ICP-MS was operated under standard conditions at 1350 W, 16 l/min plasma gas, 1 l/min auxiliary gas and standard Al cones. The carrier gas for the sample aerosol transport from the ablation cell to the ICP was helium (1 l/min), which was admixed with argon (0.76 l/min) after the ablation cell. Up to 30 isotopes were analyzed in experimental samples using crater diameters between 10 and 60 mm. The laser energy density was adjusted to 22 J/cm 2 and a repetition rate of 10 Hz was used. NIST 610 glass was used as the external calibration standard and was analyzed twice before and twice after up to 16 analyses of unknowns per individual group of analyses. Internal standardization was based on Ca concentration (measured prior to laser analysis by electron microprobe) to correct for matrix effects and differences in mass ablated from samples and standards. Each analysis started with !30 seconds background acquisition, followed by max. 60 seconds data acquisition from the samples. Details of the data reduction protocol and data calculation procedure are described in Longerich et al. [1996] . The use of NIST 610 glass as external calibration yields good results for garnet [Prince et al., 2000] and mafic silicate glass; USGS basalt glass BCR-2G was used as secondary standard and was analyzed in each session to ensure comparability of data (Table 3) . A typical sample with laser ablation craters in garnet is shown in Figure 4 .
Results and Discussion
Phase Assemblages and Major Element Compositions
[17] The experiments resulted in three distinct phase assemblages: garnet + glass, garnet + cpx + glass, and garnet + cpx + kyanite + glass. Modes were obtained by mass balance for experiments in which all phases were analyzed by electron microprobe. In three runs (MP216, MP220, MP237), the cpx grains were too small to be analyzed reliably, and modes were therefore estimated using the cpx composition of A343 in the mass balance. Overall, melt fractions are 79-96% (by weight), with garnet modes of 4-15%, and cpx modes of 2-10%. The scatter of the modal abundances of minerals and melt in the time series experiments (MP220, MP216, MP237; see Table 2 ) is largely due to the ±15°C uncertainty in experimental temperatures, resulting in melt fractions varying from 79-89% and garnet modes of 9-15% without significant changes of Ca in garnet for these experiments.
[18] In the low-Ti experiments, garnets have $0.5 wt % TiO 2 , 7.1-9.3 wt % CaO and Mg#s of 58-65, and the glasses have 1.1 wt % TiO 2 , $57 wt % SiO 2 and Mg#s of 38-47. In the high-Ti experiments, garnets have 1.4-1.9 wt % TiO 2 , 6.3-9.1 wt % CaO and Mg#s of 54-67, and the glasses have 5.1-6.6 wt % TiO 2 , 52-57 wt % SiO 2 and Mg#s of 47-58. The major and trace element compositions of garnet, cpx and glass are reported in Tables 4-6. [19] Garnet stoichiometries were calculated on the basis of 12 oxygen atoms and the cation totals vary from 7.98 to 8.02 (Table 4 ). The garnets contain on average 8000 -12000 ppm trace elements. The stoichiometry calculations did not include trace elements, but to test if trace elements significantly affect the element proportions obtained from microprobe analysis, two samples were analyzed again by electron microprobe at the University of Minnesota, this time including the eight most abundant trace elements in the ZAF correction routine as elements of fixed concentration. The resulting analyses yield major element compositions that are identical within analytical uncertainty to previous analyses that did not include the trace elements, and therefore mineral analyses reported in Table 4 do not incorporate trace elements in ZAF calculations. For the high-Ti garnets, X Ca ranges from 0.16 to 0.24, and for the low Ti garnets the range is 0.19-0.25.
[20] Cpx was analyzed for major and trace elements in runs A343 and MP240 (Tables 4 and 6 ). Cpx are very Al-rich (12.5 and 19.9 wt % Al 2 O 3 , respectively) and have low cation sums (3.95-3.93) indicative of significant M2 site vacancies (Ca-Eskola component, CaEs), similar to cpx from eclogite partial melting experiments [Pertermann and Hirschmann, 2003b] and from associated cpx/ melt partitioning experiments [Pertermann and Hirschmann, 2002] . Calculated cpx components yield 10-15 mol % CaEs and 4-16 mol % CaTs, the latter reflecting 10-17 mol % tetrahedral Al (A343 and MP240, respectively).
Mineral/ /Melt Partition Coefficients
[21] Mineral/melt partition coefficients (Table 7) were obtained by taking trace element concentration ratios. Uncertainties in the coefficients are estimated by error propagation from analytical uncertainties in the individual phases. Typical relative uncertainties are on the order of 5-15%, but can be larger for elements with very low concentrations in garnet, such as LREE, Nb, and Ta.
3.2.1. Garnet/ /Melt Partitioning (26) [23] Partition coefficients for high-Ti/low-Ca garnets are comparable to those for the compositionally similar garnet/melt pair studied by Klemme et al. [2002] , but our experiments do not reproduce the strong increases in Ds with increasing X Ca described by van Westrenen et al. [1999] . For example, Ds for HFSE (and other elements) increase with higher X Ca , but D Zr and D Hf remain moderately incompatible. The pronounced effect of X Ca on Ds found by van Westrenen et al. [1999] is likely owing to the absence of complicating components (such as TiO 2 ) in their CMAS experiments. Although there is no evidence of a steep change in Ds for HFSE or REE in our data near X Ca = 0.19, we do find an increase in D Zr /D Hf with increasing X Ca (Figure 6 ). van Westrenen et al. [2001] and Salters et al. [2002] argued that an increase in D Zr /D Hf may be accommodated by substitution of these elements on the Y site of calcic garnet.
[24] Also plotted in Figure 5 is the range of partition coefficients applicable to garnet/melt partitioning in peridotite on the basis of the experiments of Salters and Longhi [1999] and Salters et al. [2002] : there is considerable overlap between partition coefficients applicable to partial melts of eclogite and peridotite. Even though garnets in eclogite have higher X Ca than those in peridotite, leading to larger D values, they also have more TiO 2 , leading to smaller observed D values. Thus the ranges of trace element partition coefficients of eclogite and peridotite garnets are roughly the same. Of course, the detailed pattern of partition coefficients is not the same, as some elements are affected more or less by enrichments in X Ca or TiO 2 .
Clinopyroxene/ /Melt Partitioning
[25] Cpx/melt partition coefficients are given in Table 7 . Data for A343 agree well with data reported from SIMS analyses of similar cpx and glass compositions and experimental conditions [Pertermann and Hirschmann, 2002] . Partition coefficients determined for MP240 are broadly similar to those from A343 and from the study of Pertermann and Hirschmann [2002] , but D cpx/liq for REE and for highly charged incompatible elements (U, Th, Nb, Ta, Zr, Ti) are higher (Figure 7 ). This distinction likely reflects differences in cpx major element chemistry: MP240 is much more aluminous than A343 and though its greater Ca-Eskola component (14.7 mol % versus 9.3% for A343) is expected to reduce partition coefficients for highly charged elements [Pertermann and Hirschmann, 2002] , the much greater tetrahe- (276) 31087 (1819) 1551 (100) 1680 (176) 33745 (1042) 1853 (50) 819 (95) 1120 (163) 1445 (430) 827 (99) K 17 (5) 13 (4) 6.9(3.2) 21 (7) 10 (7) 15 (14) 11 (8) 18 (15) 63 (24) Sc 331 (13) 107 (4) 1463 (40) 1491 (178) 413 (40) 329 (18) 427 (36) 406 (70) 440 (48) 574 (85) Ti 8235 (1040) 12210 (603) 9131 (1071) 10966 (595) 15714 (1125) 9511 (2051) 2941 (231) 3723 (473) 2796 (180) 2637 (211) V 141 (17) 227 (17) 580 (36) 704 (118) 793 (48) 80 (9) 210 (9) 136 (25) 165 (21) 258 (22) Cr 1085 (114) 1031 (106) 1968 (421) 2586 (734) 1657 (414) 278 (38) 772 (173) 223 (101) 355 (105) 1192 (204) Mn 2172 (121) 849 (49) 1945 (97) 1966 (130) 670 (64) 578 (23) 495 (13) 560 (23) 501 (27) 1753 (146) Co 181 (15) 105 (6) 992 (57) 944 (99) 458 (24) 270 (18) 245 (21) 271 (11) 264 (20) 308 (27) Ni 64 (57) 162 (36) 81 (56) 248 (92) 582 (235) 82 (53) 178 (88) 112 (52) 188 (57) 178 (51) Zn 38 (12) 37 (6) 38 (8) 48 (9) 32 (6) 119 (10) 100 (8) 126 (22) 99 (14) 131 ( (11) 38 (4) 270 (13) 206 (17) 216 (25) 45 (7) 358 (27) 452 (23) 482 (16) 456 (27) 478 (43) Zr 15(3) 7.9(1.4)
22 (2) 29 (7) 34 (6) 12 (2) 45 (9) 77 (8) 110 (6) 75 (13) 94 ( (8) 13 (1) 16 (3) 12 (4) 14 (2) Sm 26 (3) 26 (4) 38 (6) 33 (5) 39 (5) 40 (5) 45 (2) 90 (11) 99 (5) 79 (7) 94 (8) Eu 35 (4) 30 (3) 41 (5) 42 (8) 55 (1) 41 (6) 84 (5) 136 (7) 161 (9) 127 (11) 148 (8) Gd 90 (9) 49 (5) 118 (15) 106 (17) 124 (8) 66 (6) 158 (9) 249 (18) 292 (19) 233 (27) 292 (16) Dy 340 (12) 83 (9) 465 (19) 351 (36) 383 (38) 102 (14) 546 (37) 758 (70) 839 (24) 741 (45) 883 (55) Er 643 (57) 95 (10) 601 (45) 655 (70) 106 (20) 995 (100) 1188 (97) 1279 (66) 1167 (107) 1453 (120) Yb 1353 (81) 131 (15) 1737 (174) 1091 (88) 1215 (185) 136 (26) 1944 (232) 2111 (189) 2282 (181) 2190 (163) 2484 (280) Lu 1553 (99) 123 (11) 1952 (197) 1145 (75) 1240 (219) 130 (29) 2001 (271) 2070 (282) 2206 (180) 2202 (213) 2445 (334) Hf 18 (3) 18 (1) 19 (4) 24 (7) 26 (6) 20 (5) 34 (8) 63 (12) 69 (3) 61 (5) 80 ( 0.7 (7) 3.3 (8) 4.0 (7) 2.1(6)
3.2(9)
Re 148 (42) 139 (44) 22 (12) 109 (83) 104 (40) 137 (53) 372 (55) 262 (94) 308 (50) 307 ( (4) 13 (3) 11 (2) 8.0(1.6) 6.5(1.6) U 6.1(6) 5.5 (8) 13 (1) 15 (4) 24 (6) 11 (2) 14 (5) 68 (9) 73 (9) 45 (6) 36 ( Na 32819 (233) 29770 (279) 31791 (493) 30272 (399) 33549 (898) 33336 (998) 34154 (328) 32464 (545) K 5523 (16) 4773 (51) 5494 (95) 5651 (65) 6464 (117) 6383 (140) 6086 (128) 5796 (115) Sc 62 (2) 276 (4) 200 (1) 48 (1) 33 (3) 45 (2) 47 (2) 62 (3) Ti 32325 (316) 27737 (263) 31073 (335) 37292 (318) 6315 (172) 6466 (130) 6244 (67) 5948 (21) V 46 (1) 237 (1) 172 (4) 45 (1) 27 (2) 41 (1) 48 (1) 79 (1) Cr 81 (13) 363 (12) 190 (11) 52 (6) 23 (10) 31 (9) 40 (6) 79 (5) Mn 534 (3) 477 (5) 385 (7) 110 (3) 97 (3) 114 (3) 115 (1) 414 (5) Co 65 (3) 271 (3) 283 (3) 78 (1) 77 (4) 79 (3) 87 (3) 119 (1) Ni 12 (3) 23 (17) 19 (8) 20 (12) 45 (30) 28 (18) 13 (13) 8.7(1.5) Zn 52 (3) 39 (3) 50 (2) 116 (4) 125 (3) 125 (6) 119 (2) 161 (2) Rb 170 (2) 148 (2) 171 (3) 229 (3) 250 (17) 249 (9) 233 (7) 298 (8) Sr 81 (1) 70 (1) 82 (2) 126 (1) 153 (6) 140 (2) 136 (3) 120 (2) Y 81 (2) 79 (1) 66 (1) 59 (1) 91 (1) 87 (9) 88 (1) 89 (3) 105 (3) Zr 78 (2) 74 (1) 63 (2) 74 (3) 116 (1) 119 (9) 111 (5) 105 (2) 129 (1) Nb 62 (1) 69 (1) 53 (2) 63 (2) 87 (2) 93 (11) 92 (3) 93 (1) 105 (1) Ba 153 (4) 141 (3) 168 (8) 227 (5) 252 (17) 242 (10) 236 (6) 275 (6) La 92 (3) 88 (1) 73 (2) 91 (2) 128 (2) 145 (8) 139 (3) 134 (2) 166 (1) Ce 81 (1) 86 (2) 71 (1) 82 (2) 110 (1) 126 (9) 124 (3) 116 (2) 155 (1) Nd 90 (4) 90 (1) 73 (4) 89 (3) 118 (4) 127 (3) 121 (5) 123 (3) 150 (3) Sm 137 (2) 133 (1) 111 (5) 128 (2) 177 (6) 187 (5) 183 (6) 179 (4) 229 (4) Eu 168 (3) 159 (1) 141 (2) 161 (2) 221 (3) 238 (10) 235 (6) 226 (3) 286 (3) Gd 154 (4) 159 (1) 124 (4) 136 (8) 187 (2) 195 (10) 195 (6) 188 (7) 245 (2) Dy 198 (3) 2001 (4) 155 (3) 156 (4) 218 (4) 206 (18) 216 (5) 215 (6) 272 (6) Er 188 (4) 149 (6) 124 (4) 180 (4) 144 (13) 177 (6) 170 (5) 225 (6) Yb 237 (5) 232 (2) 188 (3) 139 (5) 203 (4) 165 (16) 210 (9) 211 (7) 266 (10) Lu 221 (4) 212 (5) 172 (3) 119 (4) 169 (1) 135 (13) 180 (4) 182 (3) 230 (12) Hf 81 (5) 76 (4) 64 (1) 75 (2) 92 (3) 116 (11) 106 (8) 102 (3) 128 (2) Ta 72 (1) 89 (1) 58 (2) 69 (1) 91 (1) 110 (4) 104 (5) 91 (3) 121 (2) Re 160 (15) 269 (42) 351 (91) 90 (40) 310 (68) 211 (42) 178 (32) 351 (76) Pb 7.1(4) 7.0(4) 8.9 (5) 1769 (15) 1912 (229) 2010 (20) 1986 (26) 2596 (72) Th 1362 (23) 1326 (5) 1086 (13) 1304 (17) 1251 (8) 1535 (71) 1450 (39) 1328 (24) 879 (5) U 1345 (27) 1349 (20) 1130 (14) 1304 (16) 1448 (7) 1626 (109) 1661 (57) 1525 (28) 1030 (12) a Uncertainties are one standard deviation; 1570(276) should be read as 1570 ± 276 ppm. Not all elements analyzed for run MP169.
b 4/3 should be read as four spots analyzed and data of three spots used for determining average concentration reported here. (2) 1.45 (2) 1.23 (1) 1.24 (2) 1.23 (2) 1.28(4)
1.22 (2) 1.24 (2) 1.24 (2) 0.82 (2) 1.11 (2) Fe 2+ 2.06 (9) 2.48 (8) 2.69 (11) 2.74 (23) 2.96 (19) 2.35 (20) 2.53 (16) 2.24 (13) 2.19 (7) 0.97 (4) 0.90 (6) Mg 4.19 (16) 3.87 (13) 3.49 (8) 4.43 (29) 4.05 (22) 6.55 (46) 4.50 (27) 4.72 (26) 4.58 (13) 3.09 (13) 2.48 (10) Ca 0.88 (3) 0.99 (3) 0.98 (3) 1.06 (3) 1.05 (4) 1.12(2)
1.05 (2) 1.01 (3) 0.88 (4) 1.79 (7) 1.77 ( 0.58 (7) 0.45 (3) 0.44 (4) 0.38 (2) 0.51 (4) V 3.07 (38) 2.45 (15) 4.09 (69) 1.78 (20) 7.78 (67) 3.32 (62) 3.44 (44) 3.27 (28) 4.93 (38) 4.61 (30 (24) 4.36 (24) 4.23 (36) 1.59 (9) 1.74 (17) Co 2.78 (26) 3.66 (21) 3.34 (35) 3.46 (24) 3.18 (32) 3.43 (19) 3.03 (25) 2.59 (23) 1.62 (12) 1.62 (9 (14) 0.912 (80) 0.845 (49) 1.28 (11) 1.50 (11) 1.24 (15) 1.19 (7) 0.318 (34) 0.485(53) Dy 1.72 (7) 2.31 (11) 2.26 (24) 2.46 (25) 2.51 (18) 3.68 (47) 3.88 (14) 3.45 (23) 3.25 (21) 0.42 (5) 0.65 (9) Er 3.42 (31) 4.03 (34) 5.28 (59) 5.53 (57) 8.25(1.00) 7.23 (45) 6.86 (66) 6.46 (56) 0.51 (5) 0.85 (16 (7) 0.038 (7) 0.023 (7) 0.026 (7) 0.011 (4) 0.036 ( (20) 0.0076 (14) 0.0060 (12) 0.0074 (18) 0.0032 (9) 0.0068 (18 dral Al (reflected in the higher CaTs component in MP240 of 15.6 mol % versus 4.2 mol % in A343) is expected to raise partition coefficients for these elements [Hill et al., 2000] . Note however that the ratio of D U /D Th is similar and greater than unity for both compositions (D U /D Th = 1.27-1.30). Also, in both cases, the sequence for 4 + HFSE is D Ti > D Hf > D Zr .
[26] The composition of the cpx from MP240 is clearly extreme, yet it may provide partition coefficients applicable to high-pressure (P ! 3 GPa) melting of unusually Al-rich (i.e., corundum or kyanite-bearing) exotic mantle lithologies, such as grospydites [Smyth and Hatton, 1977; Smyth and Caporuscio, 1982] and corganite xenoliths [Mazzone and Haggerty, 1989] found in some kimberlites. For more normal MORB-like eclogite bulk compositions, the data of Pertermann and Hirschmann [2002] and the new data from A343 are more appropriate.
Lattice Strain Modeling of REE Partitioning
[27] The lattice-strain model Wood, 1994, 2003 ] is a helpful tool for understanding relationships between crystal chemistry and partition coefficients. Here we restrict our application of this model to 3+ cations (REE, Sc, Y) in the X site. Application to cations with other charges or on other sites is less illuminating for the data available in this study, either owing to a lack of sufficient data or to complications relevant to particular cations (i.e., crystal-field stabilization (CFSE) for Figure 5 . Characteristic garnet/melt partition coefficients from experiments in this study, compared to previous work. Data are summarized as follows: the low-Ti trend is the average of MP237 and MP254, high-Ti, low-Ca is from run A343, and high-Ti, high-Ca trend is the average of MP214 and MP240. The remaining data are the same as in Figure 2 . Ni 2+ and Cr 3+ , etc.). The mineral/melt partition coefficients of isovalent cations in a particular lattice site are described as a near-parabolic dependence on ionic radius, where E is the Young's modulus of the site, r i is the radius of the substituting cation and r 0 is the radius of a hypothetical cation that substitutes into the site with zero strain, D 0 is the partition coefficient for that hypothetical cation, N A is Avogadro's number, R is the gas constant, and T is temperature in Kelvins [see Blundy and Wood, 1994, equation (3)]. We employ the ionic radii reported by Shannon [1976] .
[28] Fitted values (Table 8) The average E X from the garnet/melt pairs in this study is 642 ± 84 GPa, which agrees well with the earlier findings of van Westrenen et al. [1999, 2000] for low-Ca garnets. Fitted D 0 values vary by about a factor of 3, reaching 25 for garnets with higher X Ca and lower TiO 2 . Overall D 0 values are higher for all garnets compared to data of low-Ca garnets (X Ca 0.19) reported by van Westrenen et al. [1999, 2000] , and equal to or smaller than those found for garnets coexisting with hydrous tonalitic melt [Barth et al., 2002] . The absolute value of D 0 may be enhanced at lower temperatures or for more siliceous melts. Interestingly, for our range of garnet compositions (X Ca = 0.16-0.25) we do not observe the significant increase in r 0 and decrease in E X that was found by van Westrenen et al. 
Effect of Ti on Garnet/ /Melt Partitioning
[29] Because garnets in peridotitic and eclogitic sources of basalts may have significant TiO 2 (Figure 1 ), the effect of TiO 2 on garnet/melt Figure 7 . Cpx/melt partition coefficients from this study (runs A343 and MP240), compared to average of experiments presented by Pertermann and Hirschmann [2002] . Note the overall higher D values for heavier REE and highly charged cations for MP240, which we attribute to the greater CaTs content of the pyroxene. 2003GC000638 partition coefficients deserves careful consideration. A notable aspect of our results is that Ti-rich garnets have partition coefficients for some incompatible elements that are markedly lower than Ti-poor garnets (Figure 8a ). The effect is most pronounced for highly charged cations that substitute into the X site (Nb, Ta, Th, U), more moderate for 3+ cations in the X site, as exemplified by D 0 3+ (Figure 8a) , and small or negligible for elements with small charges (Rb, Sr). This suggests that abundant TiO 2 substitution in garnet inhibits partitioning of trace elements that require low-charge substitutions for charge balancing. D Zr and D Hf both increase with higher garnet Ca-content, and so does D Zr /D Hf (Figure 6 ). However, D Zr /D Hf also correlates positively with increasing D Zr , indicating that D Zr is more affected by the increasing Ca-content than D Hf (Figure 8b ), while both seem relatively insensitive to TiO 2 in garnet. Apparently the effect of increasing X Ca on D Zr and D Hf , previously noted by van Westrenen et al. [2001] , overwhelms the influence of TiO 2 on these particular elements.
Geochemistry Geophysics
[30] Substitution of Ti 4+ into the normally trivalent Y site [Meagher, 1980] introduces an excess charge that requires a compensating substitution. in the Z site [Meagher, 1980] , but under reduced conditions such as those in our experiments, the availability of Fe 3+ may be negligible; the cation totals of the garnet analyses in Table 4 [Huggins et al., 1977; Salters et al., 2002] , by Mg 2+ substituting into the Y site [Putirka, 1998 ], or by a combination of these mechanisms. Data are lacking as to which of these substitutions is most prevalent under high pressure experimental conditions or in natural mantle garnets, but because Si 4+ accounts for less than 3 cations per 12 oxygens in our garnet analyses (Table 4) , we believe that substitution of 2+ or 3+ cations in the Z site is an important factor.
[31] Although the charge-compensating mechanism associated with Ti substitution in garnet is not well understood, the chief point is that all of the possibilities (1+ cations on the X site, 2+ cations on the Y site, 2+ or 3+ cations on the Z site) are also the substitutions available to charge-balance highly charged trace elements (Th, U, HFSE, REE) on the X site. Because Ti is so much more abundant in these garnets than any of the trace elements, it effectively monopolizes the available charge compensation mechanisms, and so raises the energetic barrier for substitution of highly charged cations into the X site. Thus it is not surprising that TiO 2 -rich garnets have relatively low values of D gt/liq for many highly charged incompatible elements.
Effect of Melt Composition on
Garnet/ /Melt Partitioning?
[32] The role of melt composition on mineral/melt trace element partitioning is not well understood in quantitative terms. Where crystal chemical controls can be neglected, it is known that mineral/melt partition coefficients are likely to increase with increasing silica contents of the liquids [Hirschmann and Ghiorso, 1994] . The garnets in our experiments coexist with liquids of 52.4-57.1 wt % SiO 2 , which is significantly higher than range of 44-48 wt % SiO 2 in the studies of Hauri et al. [1994] , Salters and Longhi [1999 ], van Westrenen et al. [1999 , 2000 , and Salters et al. [2002] . The data of Salters and Longhi [1999] and Salters et al. [2002] are most appropriate for garnet/melt partitioning during peridotite melting. While those peridotitic garnets coexist with low-silica liquids, their Ca-content (X Ca = 0.07-0.15) is lower than that of our new data for eclogitic data and the data of Klemme et al. [2002] . Because of the differences in X Ca and the composition of the coexisting melt between eclogitic and peridotitic garnets, one would therefore expect that Ds for eclogitic garnets are significantly elevated when compared to peridotitic garnets. As can be seen in Figure 5 , this is clearly not the case: the range of Ds from both groups overlap. We believe that the higher Ticontent in eclogitic garnets suppresses otherwise potentially elevated Ds from the higher X Ca and more silica-rich liquids when compared to peridotitic garnet. Additionally, the effect of increasing X Ca on garnet/melt partitioning may have been overestimated in the simple system experiments of van Westrenen et al. [1999 van Westrenen et al. [ , 2001 , or such a change is simply less pronounced for more complex natural compositions.
Partition Coefficients for Modeling Anhydrous Eclogite Partial Melting
[33] In this section we combine our new garnet/ melt and cpx/melt partition coefficients to derive bulk partition coefficients most appropriate for modeling the partial melting of anhydrous MORB-like quartz or coesite eclogite in the upper mantle. We compare these to those appropriate for partial melting of garnet peridotite.
[34] Meaningful bulk Ds for eclogite require proper mineral modes applicable to natural rocks in their melting interval at upper mantle conditions. For partial melting of MORB-like eclogite at 2-3 GPa, the garnet mode does not exceed 18 wt % and the remainder of the near-solidus assemblage consists chiefly of vacancy-rich cpx, minor quartz, and traces of rutile Hirschmann, 2003a, 2003b] . For a similar bulk composition studied by Yaxley and Green [1998] at 3.5 GPa, the near-solidus garnet mode is $25 wt %. Therefore we calculate bulk Ds for eclogite using the following two modes: 82% cpx + 18% garnet and 75% cpx + 25% garnet. We ignore the effects of quartz or coesite, but rutile may be an important host to HFSE and potentially Th and U. Rutile is present in trace amounts ($0.3 wt %) near the 3 GPa solidus in MORB-like eclogite and is absent at degrees of melting above 3-8% [Pertermann and Hirschmann, 2003a] . Thus it may influence near-solidus partial melts of MORB-like eclogite, but will not impact higher degree melts that may be produced in MORB or OIB source regions. It may be stabilized over a larger melting interval in subduction environments, in which temperatures are lower and partial melts are lower in TiO 2 , but as noted above, the partition coefficients applied here may not apply in such environments. We will discuss bulk Ds for rutile-free eclogite melting first, and then we briefly consider bulk Ds applicable to near-solidus partial melting of rutile-bearing eclogite. [35] For cpx/melt coefficients, we use the Ds from run A343. The data from Pertermann and Hirschmann [2002] are very similar, but more elements were analyzed in the present study. The selection of applicable garnet/melt Ds requires consideration of garnet composition near the eclogite solidus. At 3 GPa [Pertermann and Hirschmann, 2003b] , near-solidus garnets have X Ca = $0.21 and $1 wt % TiO 2 . Garnets from the present study have similar Ca, but either more or less TiO 2 than this composition. Therefore we calculate bulk Ds for two groups of garnets with appropriate X Ca of 0.21 -0.22: high-Ti garnets (average of experiments MP214 and MP240, $1.6 wt % TiO 2 ), and low-Ti garnets (average of experiments MP237 and MP254, $0.5 wt % TiO 2 ). The resulting bulk Ds for both groups are shown in Table 9 for the two different mineral modes assumed. We also averaged all data from MP214, MP240, MP237 and MP254 to obtain a set of garnet D values likely to be representative of garnet with the correct TiO 2 ($1 wt %), marked in Table 9 as ''preferred averages.'' As evident in Table 9 and Figure 9 , modest differences in garnet mode have a stronger influence on eclogite bulk Ds than the choice of low-Ti or high-Ti garnet partition coefficients.
[36] Table 9 also shows bulk Ds for an eclogite containing a small amount (0.3 wt %) of rutile. We use the average of rutile/melt partition coefficients reported by Foley et al. [2000] and assume D Nb /D Ta of 170 (S. Foley, personal communication, 2003) . We note that these coefficients were obtained at 1.8-2.5 GPa, 900-1100°C, and for hydrous and highly siliceous partial melts [Foley et al., 2000] , and so they may overestimate the effect of rutile on partial melting of anhydrous eclogite melting near 3 GPa and temperatures of 1300-1400°C. Regardless, HFSE are likely influenced significantly by even small amounts rutile because they are so highly compatible in rutile: [37] For comparison to the partition coefficients calculated for MORB-like eclogite, we calculate bulk Ds for a garnet peridotite with 60% olivine, 17% orthopyroxene (opx), 13% cpx, and 10% garnet, using suitable partition coefficients from Salters and Longhi [1999] . For opx, we average Ds from three of their experiments at 2.4-2.8 GPa (TM 294-7, TM 295-4, MO1295-9) and for cpx we average data from their 2.8 GPa experiments (TM 694-3, TM 694-6, MO1295-3). Both the opx and cpx major element compositions are appropriate to melting of garnet peridotite near 3 GPa: opx has CaO of 1.7-1.8 wt % and cpx has CaO if 6.0-7.4 wt % (as opposed to the more calcic cpx appropriate for lower pressure melting of peridotite). The garnet partition coefficients are obtained by taking the average of all garnet/liquid data reported by Salters and Longhi [1999] , in which garnets have 7-14 mol % grossular and coexist with partial melts broadly similar to low-degree melts of garnet peridotite near 3 GPa.
[38] Apart from aforementioned variations in Nb and Ta, preferred eclogite bulk Ds differ little, but are larger than those for garnet peridotite (Table 9 , Figure 9 ). However, for a number of element ratios of importance to basalt geochemistry, ratios of the bulk Ds are rather similar. The Sm/Yb ratio in basaltic rocks is commonly associated with the presence of garnet in the melting regime, and D Sm /D Yb is 0.09-0.11 for eclogite and 0.07 for garnet peridotite. Similarly, D Zr /D Hf is 0.70-0.77 versus 0.88 for eclogite and peridotite, respectively. This implies that eclogite and garnet-peridotite sources impose similar trace element fractionations on their partial melts.
[39] Stracke et al. [1999] argued that pyroxenites and eclogites are less effective than peridotite at fractionating U from Th due to smaller bulk Ds and a smaller D U /D Th ratio. However, their reasoning was based on application of cpx/melt and garnet/ melt partition coefficients that may not be wellsuited for pyroxenite or eclogite. As shown in Table 9 , the absolute values of bulk D U /D Th are quite similar for eclogite and peridotite: 2.28-2.64 for eclogite, compared to 2.43 for the garnet peridotite. Thus, apart from effects owing to distinct melt production and extraction [e.g., [Frey et al., 1994; Norman and Garcia, 1999; Norman et al., 2002] . While it is generally accepted that these compositional characteristics are caused by a unique component in the Koolau source, its exact nature is still debated. One possibility is that the lavas are derived from a mixture of partial melts from eclogite and from peridotite [Hauri, 1996] , but it is not clear whether this scenario can account for the major and trace element compositions of the Koolau lavas [Putirka, 1999; Norman and Garcia, 1999; Norman et al., 2002; Pertermann and Hirschmann, 2003b] . Using partition coefficients from Table 9 , we plot in Figure 10 the Zr/Hf versus Sm/Yb of partial melts derived from eclogite and peridotite (see figure caption for details of the calculations). Because the solidus of eclogite is encountered at much lower temperature than that of peridotite, it is likely that high degrees of eclogite partial melt should mix with low-degree melts of peridotite Hirschmann, 2003a, 2003b] . Large-degree (25-50%) partial melts of rutile-free eclogite with garnet modes of 18-25% are similar to some of the Koolau lavas. This may be consistent with the suggestion that the Koolau lavas are derived by direct partial melting of eclogite [Takahashi and Nakajima, 2002] . On the other hand, admixing of low-degree peridotite melts would cause the Zr/Hf versus Sm/Yb trend to move away from the Koolau Figure 10 . Calculated Zr/Hf versus Sm/Yb for eclogite and peridotite derived partial melts. The simple model calculation assumes modal melting of eclogite and peridotite, which is justified by the low degree of melting for garnet peridotite and the stability of garnet during eclogite melting: both lithologies still have significant garnet in the residue at the modeled melt fractions. We use the bulk Ds given in Table 9 and assume that rutile is not a significant phase during eclogite melting to such relatively high extents. The trace element starting composition for peridotite was obtained by taking the residue after the extraction of a batch melt of 1.5% from the primitive mantle of McDonough and Sun [1995] . The composition for eclogite stems from the average concentration of old oceanic crust from the GEOROC database, subjected to alteration during subduction following Kogiso et al. [1997] . For eclogite, the resulting compositions of Zr, Hf, Sm, and Yb are 73.7, 1.9, 2.6, and 2.8 ppm, respectively, and for garnet peridotite they are 8.6, 0.24, 0.31, and 0.44 ppm, respectively. Koolau data are best approximated by melting of eclogite with 18-25% garnet. However, major element compositions of mixtures of eclogite and peridotite partial melts may not be good matches to the Koolau lavas [Pertermann and Hirschmann, 2003b] . Also shown for comparison is a model eclogite with 50% cpx and 50% garnet. Such large garnet modes are not applicable to anhydrous melting of eclogite, but we note the similarity between these partial melts and those derived from peridotite: as previously observed by van Westrenen et al. [2001] , there is little distinction in Zr/Hf versus Sm/Yb for garnet-rich eclogite and garnet peridotite. cluster ( Figure 10 ). As discussed in greater detail by Pertermann and Hirschmann [2003b] , mixing of eclogite and peridotite derived melts may not satisfy the major element systematics of the Koolau lavas.
Conclusions
[41] Our new data for trace element partitioning between garnet and silica-rich liquids in anhydrous MORB-like eclogite show that Ca plays only a minor role in the compositional range of X Ca = 0.16-0.25. Instead, overall trace element partitioning is strongly affected by TiO 2 in garnet. The presence of significant Ti 4+ in the Y site suppresses trace element partition coefficients for highly charged incompatible elements, and garnet/ liquid partitioning in eclogite sources is similar to that expected from low-Ca and low-Ti garnets found in garnet peridotite. Only low-Ti garnets have elevated partition coefficients. Bulk Ds applicable to eclogite are generally larger than for garnet-peridotite, but most ratios of bulk Ds are quite similar.
